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ABSTRACT 

The objective of this work is the study and experimental verification leading to 
the design of a high power S band variable polarizer.   This polarizer is to transform 
the TE     mode to vertical linear, clockwise circular, counterclockwise circular, and 
horizontal linear polarizations.   Switching time between degrees of polarization is to 
be 200 microseconds or less.   The characteristics of the variable polarizer include the 
objectives of 1 mw peak, 2 kw average power operating over the band, 3.1 MHz to 3.6 
MHz with the study including the feasibility to increase power handling to 10 raw peak, 
20 kw average. 

Recent results indicate the feasibility of attaining the design goals by the use of 
nonreciprocal waveguide latching phasers as the active elements of the polarizer. 
Polarizer power levels to 920 kw peak and 3600 watts average (depending upon polarizer 
configuration) have been attained, the present limit being the testing facilities available. 

Studies have included various polarizer configurations which appear compatible 
with system concepts and the development in individual phase r elements necessary to 
meet polarizer requirements. 
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SECTION I 

INTRODUCTION 

Program Objectives.   The purpose of this program is to study the feasibility of 
producing a very high power, S band polarizer capable of fast switching to any one of 
several modes of operation.   The work on this program can be divided into two general 
tasks*: 

• The study of the polarizer elements in their relationship to the overall 
unit in its system environment. 

• The study and development of specific components as applied to the over- 
all polarizer. 

The end result of these tasks will be the development of techniques and the accumulation 
of test data which will lead to a recommended polarizer design capable of operation at 
extreme peak and average power. 

The development phase of the program includes a design study and experimental 
evaluation of breadboard hardware operating to an intermediate power level.   Perform- 
ance goals for this phase of the program are as follows: 

1. Power 1 Mw peak, 2 
(10 Mw peak. 

2. Bandwidth 500 MHz min 

3. Center frequency 3. 35 GHz 

4. VSWR 1.2 max 

5. Insertion loss 1 db max 

6. Switching time 200 usec max 

7. Pulse width 40 usec min 

8.   Repetition rate V 0 pps 

9.   Isolation between 
polarization channels 30 db min 

*   Each of these tasks is considered in this First Semiannual Report in light of present 
and predicted technology. 
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10.   Phase nonlinear!ty 
at each polarization 

Not greater than ±2.5   combined periodic peak 
and random rms 

11. Phase nonlinearity 
excluding that due 
to waveguide 

12. Amplitude responee 

5   max, frequency 3.15 to 3.55 GHz 
15   max, frequency 3.10 to 3. 60 GHz 

0.5 db combined periodic peak and random 
rms, max 

• 

13.   Differential phase 
and amplitude between 
polarization channels 

Phase 0.5   max 
Amplitude 0.2 db max 

14.   Drift Phase 1   per hour max 
Amplitude 0. 2 db per hour max 

15.   Environmental 
Operating 
Nonope rating 

-220C to +490C 
-40OC to +490C 

i ^~ _J 
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SECTION n 

POLARIZER CONSIDERATIONS IN DELATION TO SYSTEM ENVIRONMENT 

2.1     BASIC POLARIZEll 

The polarizer deacribed harein is a waveguide device which converts an incoming 
signal from the power irurce in the fundamental TE     mode to two orthogonal compo- 
nents with definite but variable time phase relationships in a single output structure. 
Similarly, any return signals entering the output port will be suitably converted into 
one or more receive signals for further receiver processing. 

Depending upon the type of phasing elements employed and the complexity of the 
polarizer system, this return signal will appear at the input or transmit port or one or 
more specifically designated receive ports.   If one or more separate receive ports are 
employed, the polarizer will function as a duplexer in that isolation of the transmitter 
from the receiver is attained.   This isolation can exceed 20 db. 

A simplified polarizer configuration is shown in Figure 1. 

MODE 
TRAMSÜÜCEF 

© 

1 Ath     ~\ _^             / 

1 

a<p     i1 

^        /    't^ 
INPUT r\<\>t TRANSIITTER   " V 

Adt     1 _y 1 a<p     j 

OUTPUT 

409NB 

Figure 1.   Simplified Polarizer Configuration 

A single incoming signal is divided into two equal parts by means of a "Magic-T" 
or "short slot hybrid."  The two outputs have a specific relative phase.   These two 
signals pass through suitable phasers which alter the relative phase difference between 
the signals to predetermined values.   These two signals are then fed to a suitable 
multimode transducer.   The resultant output is a signal that can be described as being 
polarized ell ipti tally to any degree from circular to linear and the axis of the elipse is 
variable from a reference plane of the multimode transducer. 



The mode transducer shown w Figure 1, although similar to those used in many 
existing polarizer wits, is employed in a restricted manner in that under all modes of 
operation including linear polarization, two signals (ideally of equal magnitude) enter 
the device.   This restriction can be seen from the relative field description of Figure 2. 

OUTPUT MTPÜT 

Figure 2,   Relative Field Patterns 

If a signal is fed into port 2 of Figure 2A, then it can be designated as the solid 
arrow at the output.   Similarly, a signal in port 1 can be designated by the dashed 
arrow at the output.   A signal at either input will produce a linearly polarized output 
(the angle of the polarization varies).   However, as in Figure 2B, if two signals are 
inserted into the structure at port . 1 and 2 with relative time phase so as to produce 
two orthogonal outputs with equal time phase, the resultant output can be described also 
as a linear wave which is offset from those of Figure 2A by 45° in space.   This offset 
can be corrected if necessary by proper rotation of the feed structure. 

The mode of operation of Figure 2B is imposed on all polarizer configurations 
described herein because it allows a balanced operation of the phaser elements with 
respect to operating power and, therefore, also with respect to the resultant operating 
temperature.   This balanced condition should reduce the problem generated by the tem- 
perature time constants inherent in the phaser materials. 

2. 2     SPECIFIC POLARIZER CONFIGURATIONS 

It is necessary to impose restrictions on the elements of the polarizer at this point, 
especially the phaser elements, so that further analysis of possible polarizer configura- 
tions can be accomplished. 



For purposes of analysis, each phaser element used will be: 

1. Nonreciprocal, 
2. Capable of 90 degrees phase delay, 
3. Of the latching (remanent) variety. 

These restrictions are essentially in agreement with what appears feasible for present 
and near future phaser development in accordance with the specifications of this pro- 
gram. 

2.2.1     Single Receiver Port Polarizer 

The simple polarizer configuration of Figure 1 can be expanded into the configura- 
tion of Figure 3. 

HIPÜT  > »> OUTPUT 
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Figure 3,   Single Receiver Port Polarizer 

Four phaser elements are used in this device.   Each element can be switched 
independently from the remainder.   The input power splitter is of the "Magic-T" variety 
giving zero phase difference between arms 1 and 2.   For simplicity let us consider a 
sir^le setting for 0 , 0 , 0 , and 0    that is: 

= 0 ^1 0   = -90 Forward Direction 
(input to output) 

The signals appearing at the ports of the mode transducer will have a 90 degree 
phase difference producing a circular polarization (assuming equal amplitudes). 
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Receive signals returning through the mode transducer will have the same phase 
relationship as on transmit. Because the phase elements are nonreciprocal, however, 
return element phase will be (if elements are not switched): 

I2- 
-90 

0 
-90 
-90 

• 

The return signal will then recombine into a single signal which travels to the 
input port.   Under such conditions no duplexing isolation is attained in the polarizer and 
a separate duplexer for separation of the receive signals is required.   If, however, ^u   - 
and (f> are reversed to produce 0» = ^ = 0 for the return signals, then the receive signal 
will progress toward the receive port as designated in Figure 3.   Switching between 
receive and transmit is fully compatible for the polarizer specification and will be con- 
sidered in all configurations covered in this report. 

2.2.2     Calculations on Design of Single Receiver Port Polarizer 

Insertion loss and differential insertion phase for the polarizer of Section 2.2.1 
were calculated based upon realistic estimates of likely deviations from nominal of the 
various components of the polarizer.   All calculations were based upon the deviation ob- 
tained when the polarizer is in the receive condition for circular polarization. 

\ / 
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XMTR 
TRANSMITTER. 

^0 ,; C I     /C" L,L2 A Ao+^+*2+0, 
REC 

^2;i-cjrT L3 14^/0 + ^3+^+^ 

>4^ — ^3.1.3 

/       A/-30 

53—£—EEStj 
\\ 

407 IB 

/ 
<-L3L4   A/0-^3^4       m    N L3A/0 + »3 

SIGNAL 
IN«2A 

Figure 4.   Signal Relationships in Single Receiver Port Polarizer 
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Understanding the terms of the expressions used in Figure 4 will be helpful. 

A and A* are the two orthogonal signals as derived in the multimode transducer 
from a signal of power level 2A.   The angles indicated in Figure 4 are -90 and 0 degrees; 
these are values for the ideal transducer which will be altered in one set of calculations 
to Indicate a non-ideal transducer. 

The L terms of Figure 4 are the differential voltage losses associated with the 
phaser elements.   This loss is not the insertion loss of the various elements but is in- 
cluded to indicate a change in loss through the phasers depending upon their [Aase posi- 
tion. 

■ 

The 0 terms are the values of differential phase shift encountered through the 
various phaser elements on the particular mode jf operation under study. 

The tf terms include the phase shift through the input "Magic-T" and in the 
calculations, include any variations with frequency. 

C is the power coupling coefficient of the "Magic-T". 

It can be seen from Figure 4 that the resultant receiver port signal is the resultant 
of two signals.   That is: 

Sj = y/CL1L2A/~90+4>1+t2 + $1 

The magnitude of the resultant signal is given by 

S 

where 

^12 + X22 + 2X1X2(C08<,1-V 

Xl =^L1 L2 A 

X2 VT-C Lg L4 A' 

^ = -90+^+^ + ^ 

^2 = 0+W*2 

The angle of the resultant signal is 

X, sin d, + X0 sin 6 
Ö = tan 

The ratio of '-fr- is the loss associated with the polarizer as a result of variations 
in the L, C, 0, 0 terms.   This does not include the insertion loss of the various components. 

  



0 IP the angle of the output signal as referenced to the angle of the two signals A 
and A*.  $ does not Include the insertion phase of the unit which must be determined by 
line lengths, etc. but which is fixed and is a function of the waveguide parameters only. 

Table lis a summary of cases studied under the conditions of Figure 4.   Each case 
was studied at five points across the operating band with the various parameters varying 
in a manner as typically expected with frequency.   Cases 1 through 5 assume no devia- 
tion from ideal for the multimode transducer whereas cases 6 and 7 include variations 
in amplitude and phase respectively.   The addition of errors in mode transducer 
characteristics, however, yields results similar to further perturbations of cases 1 
through 5. 

Figures 5 through 11 depict the results of Table I in graphic form with each curve 
representing one of the cases of Table I. 

Table I.   Characteristics of Single Receiver Port Polarizer for 7 Cases 

1 CASE 1 ( ;ASE 1. 
f -2A f -A 
0     0 

f 
0 

f +A 
o 

f +2A 
0 

f -2A 
o 

f -A 
o 

f 
0 

f +A 
o 

f +2A 
0 

92 
170 178 180 182 190 170 177 180 183 190 

h .9772 .9772 .9772 .9772 .9772 .9772 .9772 .9772 .9772 .9772 

C .4786 .4786 .5012 .5248 .5248 .4786 .4786 .5012 .5248 .5248 

*2 
-85 -87.5 -90 -92.5 -95 -85 -87.5 -90 -92.5 -95 

Is2 
2A 

.9231 .9382 .9828 .9744 .9593 .9231 .9375 .9828 .9737 .9593 

5 -13.3' +1.0' 0 -1.65' +14. 3' -13.3' -2.0' 0 +1.3' +14. 3' 

CASE 3 CASE A 
f -2A f -A 
o    0 

f 
0 

f +A 
o 

f +2A 
0 

f -2A 
o 

fo-A f 
0 

f +A 
0 

f +2A 
o 

*9, 170 178 180 182 190 170 178 180 182 190 

L2 
.9772 .9772 .9772 .9772 .9772 .9772 .9772 .9772 .9772 .9772 

C .4876 .4876 .5012 .5248 .5248 .4876 .4876 .5012 ,5248 .5248 

^2 
-86 -88.25 -90 -92.75 -95 -86 -88 -90 -92 -94 

Isl2 .9252 .9387 .9828 .9742 .9593 . 9252 .9387 .9828 .9747 .9614 

2A 

e -16.3' -1.6' +1.0' -2.3' +14.3' -16.3' -0.5' 0 -0.15' +17.3' 



Table I.   Characteristics of Single Receiver Port Polarizer for 7 Cases 
(Continued) 

CASE  5 { CASE 6* 
f -2A 1  o 

f  -A     f       f  +A 
0               0        o 

f   +2A o f  -2A    f  -A o            o f       f +A 
0           0 

f  +2A o 

«2 
170 178       180      182 190 170 178 180       182 190 

h . 9722 .9722   .9722   .9722 .9722 . 9722       .9722 . 9722    .9722 .9722 

C . 5248 .5248   .5012   .4786 .4786 . 4786       .4786 .5012    .5248 .5248 

*2 
-86 -88       -90      -92 -94 -85 -87.5 -90        -92.5 -95 

(sf2 . 9614 .9747   .9828   .9387 .9252 . 9380       .9365 . 9548    .9523 .9376 
2A 

e -17.3' +0.15'      0      +0.5' +16.3' -13.: l'      -1.2' 0        -2.0' +13. 6* 
• 

CASE   7** 
f    -2Ä o f   -A           f o                  o 

f  +A   f 
o            0 

+2A 

0o 168 176            178 180         188 
2 

h 
C 

.9722 

.4786 

. 9722        .9722 

. 4786        .5012 

. 9722     .9722 

.5248     .5248 

NOTES: 1 

0 

*2 
-85 -87.5        -90 -92.5     -95 *1=0 

Isl2 

2A 
.9184 .9367        .9825 . 9754     .9634 

A   = A' = 1 
4 A = Operating Bandwidth 

? 23' 5.5'              6' 7.6'        8 .3' 

*   A= 1, A' -.9772 (0.2db) 
** Angle of A out of Multimode Transducer = -88 degrees 
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Figure 5.   Single Receiver Polarizer - Case 1 
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Figure 6.   Single Receiver Polarizer - Case 2 
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Figure 7.   Single Receiver Polarizer - Case 3 

10 

" 
- 



ÜJ 
I- 

I© 3 
Z 

20 
15 
10 

5 
0 

-5 
-10 
-15 
-20 

>2A 
FREQUENCY (GHz) 

Figure 8.   Single Receiver Polarizer - Case 4 
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Figure 9.   Single Receiver Polarizer - Case 5 
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Figure 10.   Single Receiver Polarizer - Case 6 
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Figure 11.  Single Receiver Polarizer - Case 7 
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Interpretation of Data.   It can be seen from the data of Table I and the correspond- 
ing Illustrations that the Input-to-output phase deviation is quite small for all cases 
chosen.   This has been accomplished by partially matching the deviations in pbane of the 
input coupler with those of the phase shifter. 

It should be noted that all amplitude terms also follow a similar pattern with fre- 
quency except case 5 where the variation with frequency of the input coupler was re- 
versed. 

It should also be noted that the input coupler characteristics have been chosen to 
be X i 10° and 3 ± 0.5 db over the operating band.   These characteristics are greater 
than those actually anticipated but were chosen to determine trends in the polarizer per- 
formance. 

Maximum deviation in amplitude occurred for case 7 which assumes a 2 degree 
error in the multimode coupler; an error which can, in practice, be corrected by 
proper adjustment of the insertion phase of the phase shift elements.   This deviation 
was approximately 0.3 db over the operating band.   If, however, the slope of the 
coupler is opposite that of the phase shift element, errors can become quite large. 

Using the simplified sketch below, one may qualitatively study the system. 

RESULTANT 

**  INPUT PHASE 

4096B 

The vectors A and A' represent the two signals out of the receive port which pro- 
duce the resultant receive signal.   As long as A and A' are balanced about the input phase 
in complementary quadrants, the resultant phase error will be quite small. 

If the resultant angles of these signals are large, however, there will be a notice- 
able reduction in amplitude.   Likewise, a large difference in amplitude of the two sig- 
nals, although of equal angle (6   ■ j ) will result in a phase error.   In order to assure 
optimum performance, it is necessary to reduce changes in the angles (J   and <59 to a 
minimum or to compensate for these deviations by appropriate deviations in amplitude. 

In practice, any deviations from nominal in the coupler at center frequency will be 
eliminated by properly compensating the insertion phase of the phase shift elements.   It 
is possible to partially compensate for loss unbalance by adjusting the differential phase 

13 



to other than 90 degrees at center frequency.   Because of the complexity of the calcula- 
tions, it appears to be more feasible to study these various methods of compensation on 
the experimental hardware to be completed at a later date as part of this program. 
Further studies, however, will be made for the more practical cases where the phase 
slope of the phase shift elements is essentially zero and the slope of the coupler Is con- 
fined to a smaller deviation. 

2.2.3 System Considerations 

The single receiver port polarizer configuration of Section 2. 2.1 possesses one 
large system difficulty.   If a polarization other than that Intended is received (which will 
normally occur from practical targets) because of the single receive port of this polar- 
izer, it cannot be separated from the principal target return and will appear as an error 
in the system.   In addition, if it is desirable to observe principally one of these minor 
return polarizations using a single receiver output system (which is attained by proper 
switching of the phaser elements), these weak return signals (as compared to the priB- 
cipal/transmit polarization return signal) will be completely masked out.   It is therefore 
possible to receive only the principal or transmitted polarization on receive. 

Such a configuration greatly limits the usefulness of a tracking system where data 
from the minor return polarizations will indicate parameters such as shape, roll, and 
tumble of a target. 

2.2.4 Dual-Channel Receiver System 

The dual-channel receiver polarizer system is similar to the single-channel re- 
ceiver system except by providing two receiver outputs, phase and amplitude informa- 
tion of two orthogonal receive components is retained from antenna to receiver.   Thus, 
if a suitable phase and amplitude IF system is employed in conjunction with a suitable 
reference signal, electronic circuitry can separate the various polarizations present 
in a return signal for any transmit polarization. 

The polarizer configuration is given in Figure 12.   Again, the phaser elements <j> 
througL $  are 90 degree nonreciprocal elements and are switched between transmit ania 
receive. 

The polarizations attainable are given in Table n along with the positions of the 
phase shifters (viewed in transmit direction) for each mode.   It should be noted that 
several phaser combinations will produce the same polarization;  there appears no 
advantage to any particular choice. 
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Table II.   Phase Shift of Each Element for Various Polarizations 

Polarization 

t 

n 

TRANSMIT CONDITION 

PHASER  POSITION 

^1      ^2       ^3       ^4      ^5       ^6      ^7       ^8 

0 0 0 0 0 0 0 0 

-90 -90 -90 -90 -90 -90 -90 -90 

-90 -90 -90 -90 0 0 0 0 

0 0 0 0 -90 -90 -90 -90 

0 -90 0 -90 0 0 0 0 

-90 0 -90 0 0 0 0 0 

-90 -90 -90 -90 -90 0 -90 0 

-90 -90 -90 -90 0 -90 0 -90 

0 0 0 0 -90 0 -90 0 

0 0 0 0 0 -90 0 -90 

0 -90 0 -90 -90 -90 -90 -90 

-90 0 -90 0 -90 -90 -90 -90 

RECEIVE CONDITION 

It is interesting to note that only one receive condition is r< quired for all transmit 
polarizations. 

This polarizer system likewise functions as a duplexer and will probably be capa- 
ble of 20 db isolation between transmitter and receiver. 

If, however, phase matched duplexers are employed, they can be located at points 
A and B of Figure 12.   The use of a receive mode of operation and any errors through 
the polarizer (or receive) are thus eliminated. 

Again, when this configuration is used as a duplexer/polarizer or when used with 
separate duplexers, it has the advantage over more conventional designs as all phaser 
and duplexer elements (if used) are subjected to equal powers and thus the system 
experiences a power/tempera  :.    differential minimum. 

15 
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4097B 
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Figure 12.   Dual-Channel Receiver Polarizer 

2.2.5  Calculations on the Design of Dual-Channel Receiver Polarizer 

A study of the output signals relative to the input reference signal and relative to 
each other has been carried out.   Figure 13 indicates the relative power level and 
phase angle as the energy flows through the polarizer.   As before, the terms C, D,  $ , 
and $   are summations of signals appearing at the outputs from multiple signal paths. 
The polarizer is switched to the receive case as outlined in Table II.   Table in is a sum - 
mary of seven cases involving variations inC,6, and4>, these being variable also with 
frequency.   Cases 1 through 5 of Table III consider the mode transducer as an ideal 
element.   Case c assumes an unbalance in power output and case 7 assumes an improper 
phase output from the multimode transducer. 

Again, the insertion loss described by the L terms implies differential loss only, 
and the insertion phase of the polarizer has been neglected. 

Because of its two outputs, this dual receiver polarizer will involve not only phase 
and amplitude relationships to the input but also the relationships between the two outputs 
assuming some specific input relationship.   Figures 14 through 27 describe in graphic 
form these relationships given in Table HI. 

i 
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Table HI.   Characteristics of Dual-Channel Receiver Polarizer for 7 Cases 

-24 -A         f o 
+J +24 -24 -4 f o 

+4 +24 

85 

CASE 

89          90 91 95 85 88.5 

CASE 

90 

-2. 

91.5 95 

0 0            0 0 0 0 0 0 0 0 

*3= *4= 
-85 -87.5    -90 -92.5 -95 -85 -87.5 -90 -92.5 -95 

KrK2°K3= 

K
4 

3.2db 

.4786 

3.2db   3. Odb 

.4786    .5012 

2.8db 

.5248 

2.8db 

.5248 .4786 .4786 .5012 .5248 .5248 

VL4' 
VL6 

.9772 .9772    . 9772 .9772 .9772 .9772 .9772 .9772 .9772 . D772 

L7-L8 

1 1            1 1 1 1 1 1 1 1 

C 
D 
C -D 

.9244 

.9282 
-.0038 

.9498    . 9524 

. 9534    . 9544 
-.0038 -.0020 

.9538 

.9495 
+. 0043 

.9286 

.9243 
«-. 0043 

.9244 

.9282 
-.0038 

.9485 

.9523 
-.0038 

.9524 

.9544 
-. 0020 

.9527 

.9484 
+, 0043 

.9286 

.9243 
+. 0043 

»x 
180° 
12.5' 

181° 
34.4'     180° 

181° 
14.5' 

180° 
46' 

180° 
12.5' 

181° 
4.6' 180° 

180° 
42.5' 

180° 
46' 

«y 

180° 
40' 

181° 
43.7'     180° 

181° 
24.3' 

180° 
16' 

180° 
40' 

181° 
15.8' 180° 

180° 
53.7' 

180° 
16' 

«x-Sy -27.5" -9.3"       0 -9.8' +30' -27.5" -11.2' 0 -ii. r +30' 

-24 -4         f o +4 +24 -24 -4 f 
o 

+4 +24 

*3= »4= 
85 

CASE 

89          90 

3. 

91 95 85 89 

CASE 

90 

4_ 

91 95 

w 
V4 0 0            0 0 0 0 0 0 0 0 

V V 
Vi 

-86 -88.25 -90.5 -92.75 -95 -86 -88 -90 -92 -94 
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Table HI.   Characteristics of Dual-Channel Receiver Polarizer for 7 Case« (Continued) 

-24 -A         f o +4 +24 -24 -4 f o 
+4 +24 

KrK2"K3" 
K4 .4786 

CASE  3 
(Continued) 

.4786    .5012 .5248 .5248 .4876 .4876 

CASE  4 
(Continued) 

.5012 

• 

.5248 .5248 

L5=L6 
.9772 . 9772    . 9772 .9772 .9772 .9772 .9772 .9772 .9772 .9772 

W 
L7=L8 

1 1            1 1 1 1 1 1 1 1 

C 
D 
C -D 

.9298 

.9336 
-. 0038 

.9510    . 9523 

. 9548    . 9543 
-.0038 -.0020 

. 9533 

.9490 
+. 0043 

.9286 

.9243 
+. 0043 

.9298 

.9336 
-.0038 

.9505 

.9548 
-. 0038 

.9524 

.9544 
-.0020   + 

.',647 

.9504 

.0043 

.9340 

.9297 
+.0043 

^x 
180° 

49.3' 

180°      180° 

48.2'     29' 

181° 

28.9' 

180° 

46' 

180° 

49.3' 

181° 

3.5' 180° 

180° 

47' 

181° 

39.5* 

Oy 180° 
24.1' 

180U      180° 
56'         30.7* 

181ü 

39' 
180ü 

16' 
180° 
24.1' 

181° 
11.9* 180° 

180" 
55.1' 

181U 

14.3' 

ex-*y +25. 2' -7.8'     -0.7* -io. r +30* 25.2' -8.4' 0 -8.1' +25.2" 

-24 -4        f 
0 

+4 +24 -24 -4 f 
o 

+4 +24 

85 89          90 91 95 85 89 

CASE  6« 

90 91 95 

0 0            0 0 0 0 0 0 0 0 

-86 -88        -90 -92 -94 -85 -87.5 -90 -92.5 -95 

KrK2"K3" 
K4 

2. Sdb 

.5248 

2.8db   3.0db 

. 5243    .5012 

3. 2db 

.4786 

3.2db 

.4786 .4786 .4786 .5012 5248 .5248 

L3=L4=L5= 

L6 
.9772 . 9772    . 9772 .9772 .9772 .9772 .9772 .9772 9772 .9772 

VL8 
1 1            1 1 1 1 1 1 1 1 

19 

  

• 

~- •" •''— 



Table HI.   Characteristics of Dual-Channel Receiver Polarizer for 7 Cases (Continued) 

-24 -4        f           i-4 
0 

+24 -24         -4 fo +4 +24 

C 
D 
C -D 

.9340 

.9297 
+.0043 

CASE  5 
(Continued) 

. 9547    . 9524     . 9505 

. 9504    . 9544     . 9543 
-.0043 -.0020   -.0038 

.9298 

.9336 
-. 0038 

. 8820    . 9090 
. 9485    . 9743 

-.0665 -.0653 

CASE   6« 
(Continued) 

.9100 

.9544 
-. 0444    - 

t 

.9110 

.9495 

.0385 

.8865 

.9243 
-. 0378 

*x 
18.° 
39.5* 

180°                      181° 
47'         180°         3.5* 

180° 
49* 

180°      181° 
12. 5*     34.4' 180° 

181° 
14.0' 

180° 
46* 

*y 
181° 
14 4' 

180°                      181° 
55.2*     180°       11.9' 

180° 
-24.1' 

180°      181° 
40'         43.7' 180° 

1816 

24.5' 
180° 
16' 

Vy +25.1' -8.2*          0         -8.4* +25. 2' -27.5'   -9.3' 0 -9.8' +30' 

-24 -4 f           +4 
o 

+24 

V »4- 
85 89             90          91 95 

V4 0 0 0            0 0 

-85 -87.5 -90        -92.5 -95 

12     3 
K4 .4786 .4786 . 5012    .5248 .5248 

L3=L4=L5= 

L6 
.9772 .9772 .9772    . 9772 .9772 

W 
L7=L8 

1 1 1            1 1 

C 
D 
C-D 

.9244 

.9282 
-. 0038 

.9498 

.9534 
-. 0038 

.9524   .9538 

.9544   .9495 
-. 0020 +. 0043 

.9286 

.9243 
+ 0043 

«x 
180° 
12.5' 

181ö 

34.4* 
181ö 

180°      14.5' 
180 
46' 

ey 
182° m'1 

43. 8* 
180°      180ü 

25*         33.6' 
182 

«t-ty 27.5' 
-2Ö 

9.4' -25'       +40.8' 
-I8 

36' 

*A = .9772 (0.2db);   B = 1 
44 ■ Operating Bandwidth 

** Ö = 2 degrees (Error out of multimode 
transducer from B output) 

20 



. 

(/) 

Q   180 

e^,» «y RELATIVE TO INPUT 

F0-2A 
FREOUtNCY (GHz) 

Figure 14.   Dual Receiver Polarizer - Case 1 
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Figure 15.   Dual Receiver Polarizer    Case 1 
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Figure 16.   Dual Receiver Polarizer - Case 2 
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Figure 17.   Dual Receiver Polarizer - Case 2 
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Figure 18.   Dual Receiver Polarizer - Case 3 
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Figure 19.   Dual Receiver Polarizer - Case 3 
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Figure 20.   Dual Receiver Polarizer - Case 4 
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Figure 21.   Dual Receiver Polarizer - Case 4 
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Figure 22.   Dual Receiver Polarizer - Case 5 
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Figure 23.   Dual Receiver Polarizer - Case 5 
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Figure 24.   Dual Receiver Polarizer - Case 6 
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Figure 25.   Dual Receiver Polarizer - Case 6 

\ 
> 

F0*2A 

•• 

i: 
26 



ill 

184 

163 

g i   182 

< 

s 
Q: □ C 
Q 

i 

UJ 

181 

^180 
♦f80 
♦90 

0 
-90 

-180 
-90 

-180 
-90 
'85 

Hi 
g  ^90 
IÜ 

e^, • ey RELATIVE TO INPUT 

95 t_ 
Fa-2A 

FREQUENCY (GHz) 
Figure 26.   Dual Receiver Polarizer - Case 7 

Fo*2A 

F0-2A 

FREQUENCY (GHz) 

Figur? 27.   Dual Receiver Polarizer - Case 7 

27 



2. 2. 5.1 Interpretation of Data. Because of the •.,'ll receiver output of this 
polarizer it is necessary to compare two outputs each of wt in turn, is the resultant 
of two signals. 

Absolute variations of magnitude of each channel varian ese than 0. 2 db over the 
operating band with relative deviations between channels less than 0. 02 db. 

Phase angles of ea'}h chaDDel relative~ the input were less than 1. 5 degrees 8Dd 
differential phase between outputs was less than 0. 5 degrees. The e.'ception to this was 
the differential amplitude (C - D) of case 6 where a large amplitude error representing 
an unbalance in the multlmode transducer was introduced into the equations. 

An interesting result was the fact that an error of phase of the multimode trans­
ducer caused only a small error in the differential phase between receive channels and 
no change in the absolute o: relative amplitudes. 

Further studies of this system, because of its complexity, will be reserved to a 
later date when the experimental results of the breadboard design to be tested under this 
program can be used to advantage for a more accurate evaluation. 

2. 3 CONTROL AND DRIVE REQUIREMENTS 

The polarizers described in Sections 2. 2.1 and 2. 2. 4 both require special drive 
or command signals. Although the detail discussion of the driver will be reserved for 
Section T'"Jl, a general survey of system needs must be considered at this point. 

The polarizer of Section 2. 2. 4 (dual receiver design) requires 5 commands from 
some primary system command source. These 5 commands must then be converted to 
8 signals to each of the phaser elements. 

Because of the latching nature of the phaser element, these secondary commands 
to the various phasers will take the form of a short duration polarized pulse. The 
polarity of this pulse will determine the state of each phaser element. 

It must also be noted that due to the inability to reproduce garnet materials with 
precise vRlues of 47TM (thus precise phase shift), it is neceasary to incorporate appro­
priate trimming into tfie phaser driver for fine adjustment of phase. When a garnet 
material is not driven into saturation by such trimming, it has been found that repeated 
application of drive in the same polarity to a phaser will introduce phase error. 

Therefore, the network which converts the 5 primary command signala must not 
only produce the appropriate command signals to the 8 phaser elements but must also 
determine if a phaser element is already in its desired state, at which point no further 
command should be supplied. 
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This distribution circuit is at pre»'at under study and precise details must be 
reserved for the final report on this program jrherein details as to the precise nature 
and recommended location of this network will be clarified.   However, information 
now available is given in Section in of this report. 

2.3.1  Configuration 

At tills time the size of the phaser elements and their driver circuitry has not 
been fixed.   However, some system information can now be supplied. 

■ 

It is understood that the polarizer will be attached to the movable element of an 
antenna and wiT be, at a minimum, partially exposed to its surrounding outdoor en- 
vironment. 

It will probably be necessary, therefore, to protect the polarizer not only from 
direct outdoor environment (primarily rain) but also to provide some form of tempera- 
ture stabilization to assure proper polarizer operation.   Since these factors at this ti 
are only speculative, the sketch of Figure 28 is only for the purpose of approximate 
estimates.   It should be noted, however, that the layout of Figure 28 can be folded and 
shifted relative to the multimode transducer without greatly affecting polarizer per- 
formance. • 
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SECTION m 

COMPONENTS 

3.1 GENERAL 

This section has been reserved for discussion of the various components required 
to construct the polarizer.   These components are quite often unrelated but must be 
considered in relation to the overall polarizer requirement of Section 2. 

3.2 PHASER ELEMENTS 

The phaser elements as employed in the polarizer of Section 2 are 90 degree non- 
reciprocal elements.   It can be seen that a smaller quantity of 180 degree elements 
could be employed for this purpose.   However, because of construction and ease of 
assembly and test, the 90 degree element   has been chosen as the basic building block. 

During the very recent past, great strides have been made in the not reciprocal 
latching toroid type of phaser.   Because of these recent developments, the large part 
of the emphasis of this program has been channeled in this direction although all 
promising leads towards other designs have and will be pursued to determine feasibility 
for this polarizer application. 

3.2.1  Historical Background 

It would be proper at this point to review the progress attained over the last two 
years in phaser design. 

Although much theoretical and experimental work was performed before this date, 
phasers during early 1965 could be described as "Model T's" of the industry.   Power 
handling was confined to relatively low powers and losses for moderate power handling 
units were in excess of 1.3 db. 

A typical example of what could be called "an excellent unit" in the summer of 1965 
is given by this X band specification: 

Peak Power 20 kw 
Average Power        75 watts (maximum bit dropoff 

5 degrees with power) 

VSWR* 1.86 
Loss 1.3-1.4 db (4 bits) 

By mid 1966, this specification had been revised due to further development: 

Peak Power 20 kw 
Average Power        200 watts (maximum bit dropoff 

5 degrees with power) 
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V8WR 1.25 
Loss 1.0 db (4 bits) 

This characteristic must be further revised by early 1967 to read: 

Peak Power        50 kw + 
Aversge Power 400 watts (essentially flat with power) 

VSWR 1.2 
Loss 0.80 db (4 bits) 

If one considers present technology, it appears feasible that the next generation 
X band phaser will be capable of: 

Peak Power       125 kw 
Average Power 600 watts (essentially flat with power) 

VSWR 1.2 
Loss 0.80 db (4 bits) 

It can be seen that the loss and VSWR have been significantly reduced while peak 
and average power have been significantly increased at X band. 

Similar changes in the state of the art have been accomplished at C and S bands. 

One significant improvement in phaser design has resulted from the work of Dr. 
J. L. Allen at Georgia Tech and Sperry Microwave in accurately predicting phaser 
characteristics from theoretical studies.   This has lead to the "optimum" design 
phaser for typical operation. 

3.2.2  Phaser Design 

The design of a phasor for high average and peak power must include: 

1. Maximum peak and average power 
2. Total phaser length available 
3. Operating temperature 
4. Methods of cooling 

The first design consideration is the average and peak power requirements. 

The use of boron nitride on beryllium oxide in the phaser design has become 
paramount in recent design in reducing internal temperatures of the torolds. 

Total power lods in a phaser is approximately the same in the three major radar 
bands —i.e., 1 db in S, C or X bands. Since the phaser size is proportional to wave- 
length , the dissipation per unit length will be proportional to frequency. 

Referring to Figure 29, the use of boron nitride slabs on the sides of the torolds 
has resulted in a maximum average power dissipation of 5 watts/inch of material for 
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a practical phaser.   The use of boron nitride "T" structures has increased this value to 
approximately 10 watts/inch, with present studies indicating that for extremely 
accurate toroid-boron nitride fits and the use of improved thermal transfer media 
between these various materials, this dissipation can be increased to IS watts/inch. 

These values, taken as allowable dissipation per unit length, appear to be 
independent of the frequency band, assuming similar cross-section of the phaser. 
These values are also affected somewhat by the temperature of the phaser housing 
(room temperature for the above values). 

The phaser required for the polarizer described herein will now be designed 
using the above numbers. 

Rather than stop at the intermediate specification, let us assume that the 
polarizer must handle 20 kw average power (full specification).   If the polarizer design 
of Section 2.2.4 is employed, the power to any individual phaser is reduced to 5 kw 
average, 2.5 Mw peak. 

The anticipated dissipation in the toroids of the phaser elements is assumed to 
be approximately 0.3 db per 90 degree element. 

3 
Therefore, the power dissipation, Pd - 0.065 (5 x 10 ) - 325 watts. 

If 15 watts/inch dissipation is allowable, then the length must be 325   - 21.6 
inches minimum. 

For convenience in calculations, we will assume a toroid length of 20 inches. 

WAVEGUIDE 
BORON NITRIDE OR 
BERILLIUM OXIDE 

COOLING SLABS 

TOROID 
BORON NITRIDE OR 
BERILLIUM   OXIDE 
"T" COOLING STRUCTURES 

CORE 

WAVEGUIDE 
^THE BORON NITRIDE  IN "T" 

FORM WAS SUGGESTED   BY 
4078B   E. STERN  OF LINCOLN  LABS. 

Figure 29.   Phaser C.-oss-Sections 
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In order to attain 90 degrees phase shift with controlled insertion phase, it 
appears necessary to choose an untrimmed bit length of 110 degrees minimum. 
Theretore: 

110 degrees   = 5.5 ,^^^^1! 
20 inches 

A material with appropriate 47TM   to avoid peak power limiting should now be 
chosen.   Referring to Figure 30, it can be seen that a material with 15% gadolinum 
doping will reach an extremely high limiting threshold with a value of <J47TMS less than 
0.280. ~T 

The material chosen for present study, Sperry G-518 (YIG ■ 15% Gd ♦ Al) has a 
nominal value of 47rMg ■ 275 gauss. 

At the lowest operating frequency of 3.1 GHz, 

(HTTIVT 2.8(275) 
M   = 5.   =     =0.248. 

s       f 3100 

This value is significantly below the critical M   value of 0.280; therefore, limiting 
should not be a critical parameter. 

The conventional phase shifter (using the optimum design of J. L. Allen), 
however, would yield 380 degrees phase shift for a 20 inch active length and a loss 
appropriately higher. 

To attain the low   phase shift/inch necessary for reduced loss/inch compatible 
with the requirements of this polarizer design, it is necessary to reduce the material- 
rf field coupling.   This can be accomplished by: 

1. Removing the toroid core (see Figure 29) 
2. Reducing the toroid wall thickness 
3. A combination of both of the above 

If all known factors such as dielectric loss, copper loss, magnetic loss, phase 
slope with frequency and waveguide cutoff frequency are taken into account, the best 
design approach appears to be an increase in toroid slot width, the use of a dielectric 
core, and the use of thin walled toroids.   Figure 31 compares this cross-section 
with the optimum figure of merit design of J. L. Allen. 

Results of tests using a design similar to that above are given in Figures 32 
through 35.   The sample tested was 6 inches long and obviously has a phase shift much 
lower than desired.   (See Figure 34.)  This will be remedied by increasing the toroid 
wall thickness in future tests.   Hie phase shift is flat with frequency over the operating 
band as seen from Figure 34. 

Average power data (see Figure 35) Indicates that no significent change in phase 
shift with average power is evident to 800 watts, the limit of the test facility 
available. 
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A curve for limiting threshold is notably absent.   This material showed no 
limiting tendencies to 320 kw peak, the upper level of the facilities available. 

3.2.3  Phaser Construction 

Because of the thermal requirements of the phaser, it has become evident that 
cooling must be provided as close to the source of heat generation as possible. 

Because of the need for switching wire through the torolds and through one boron 
nitride cooling section, it has been found feasible to construct the phaser out of four 
separate sections; that is, two side plates, one top and one bottom plate (se«. Figure 36). 
Hie top and bottom plates screw into the side plates, a separate waveguide flange 
being employed if the conventional round flange hole pattern is employed.   Cooling 
channels for water are provided in each of the side sections. 
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Figure 36.   Phaser Cross-Section 

Close fit in the plane parallel to the broad wall is attained by adjustment of the 
side waveguide sections.   Fit on the height is attained by proper honing of the side 
sections to a precision fit with the toroids. 

To assure proper fit, all toroids for a single phaser will be precision ground as 
a set. 

It should be noted that at present a single core is used with all toroids placed on 
this single core.   (See Figure 37A.)  This steins from the need for cavitroning the 
toroid slots because of their large size.   Toroids therefore can be no longer than 
0.5 inches.   When longer toroids are used, it will be feasible to use individual core 
sections of the same lengths as the toroids.   (See Figure 37B.) 

Further toroid manufacturing techniques will be discussed in a later section. 

Because of the overall system need for pressurization, all waveguide seams 
will be adequately sealed.   Techniques for attaining this sealing are now under study 
and include gasketing and the use of epoxies. 

To assure overall environmental protection the external surfaces of the unit will 
be appropriately treated or protected by an environmental shield. 

3.2.4  Environmental Stability 

To assure proper operation over the operating environmental temperature range 
of -220C to +490C, the waveguide housing temperature must be isolated from this 
environment. 
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It has been found that this can be adequately assured by supplying a coolant 
closely controlled in temperature.   This coolant for lab use   is tap water at room 
temperature.   Present studies indicate the need for coolant temperature  control of 
±60C to assure adequate phaser performance. 

For operational use this water coolant will probably require modification by the 
addition of an antifreeze agent to prevent system damage when the system is "off". 

3.2.5  Toroid Manufacture 

It has been found that there is a practical upper limit to the hole size that can be 
pressed directly into a garnet material.   This limit is due to the noncompressibility 
of the mandrel used and lamination of the garnet material under pressure.   Hie 
lamination is a result of linear pressures being applied to the garnet powder rather 
than uniform pressures on all surfaces simultaneously.   Therefore, at present it is 
necessary to produce the garnet material in bar form for toroids of the size required 
for this program.   These bars must be cavltroned and sliced into toroids. 

An isostatic press is now being used to press large toroids directly.   At present, 
however, pressing by this method is in its study phase, with useful toroi> J for phaser 
application several months from reality. 
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3.3    HYBRIDS 

Studies of the system parameters as described In Section 2 indicate that standard 
hybrids capable of pressurization and high peak power operation will be adequate for 
polarizer use. 

■ 

It appears, however, to be an advantage to overall predicted performance to 
employ matched hybrids in the polarizer. 

Discussions of hybrid characteristics with possible suppliers indicate that matching 
of coupling and phase characteristics is feasible. 

3.4     DRIVER AND ASSOCIATED ELECTRONIC CIRCUITRY 

Sperry has developed a productized driver whose basic design is used on this 
project.   Figure 38 shows a block diagram of. the proven latching type drivers, the 
pulse shaping network and isolating stages on each input to isolate the driver from the 
pulse generator.   This driver is a single wire input and output unit.   In this driver, all 
parameters ar ; being optimized for peak current, minimum rise time and minimum 
power.   The catput current to the ferrite load is bidirectional and its direction of flow 
through the load is dependent upon the polarity of the input pulse. 

Figure 38.   Phase Shift Driver, Block Diagram 

The schematic diagram of the phase shift driver is shown in Figure 39.   The 
input signal consists of a positive and negative input pulse: approximately each 10 volts 
in amplitude.   The negative gate pulses trigger the upper bank of transistors into 
conduction and generate a current pulse through the ferrite's charging wire towards 
ground. Similarly, the negative gate pulses trigger the lower bank of transistors; this 
results in a current pulse flowing through the toroid charging wire in the reverse 
direction.   The two current pulses alternately change the ferrite to (+) 4TrM   and (-) 
4nM , respectively.   In this driver, trimmer resistors have been added to limit and 
set me two output pulse currents to the desired level.   It was determined that with the 
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large amount of ferrite material used, that the input pulse would be shaped to reduce 
the back emf developed in the ferrite load.   Without the wave shaping network, the back 
emf developed would break down the transistors.   The pulse shaping circuit reshaped 
the input pulses to turn the output transistor off slowly, allowing the energy in the 
ferrite load to be dissipated without generating a large back emf. 

This basic driver has proven its reliability and utility by demonstrating switching 
in S, C, and X bands in a highly satisfactory fashion. It has been operated continuously 
at a switching rate of 10 KHz with the output transistors heat-sinked. 

A recent 4-bit driver which is actually in use on an X band phase shifter is 
shown schematically in Figure 40 and the layout of the printed circuit board is showa 
in Figure 41. 

3.4.1   Logic Circuitry 

The logic circuitry is shown in Figure 42.   The logic circuitry is basically 
subdivided into eight modules, each module to feed signals to a phase shift driver. 
The logic receives one of five command signals in the form of a positive pulse.   The 
commands are Horizontal Polarization, Vertical Polarization, Right Hand Circular, 
Left Hand Circulator, and Receive.   For example, if the receive channel is to be 
activated, the Receive line feeds a positive pulse to each of the eight logic modules. 

Each module consists of a matrix steering diode unit and a generating unit.   The 
matrix steering diodes will pass the pulse to the pulse generating circuitry only if the 
phase shifter has to change states.   If the phase shifter is already in the correct 
state, the matrix unit will shunt the command pulse to ground.   If the matrix steering 
diodes pass the pulse to the flip-flop, it will change states   and will provide a trigger 
pulse to the monostable multivibrator through appropriate diodes.   The one shot will 
generate either a positive or negative pulse to feed the phase shift driver which 
changes the state of the ferrite load. 

For each module the matrix diode unit will determine if the phase shifter has to 
change state in order to complete the command; the pulse generating circuitry will 
determine the polarity of the pulse to the phase shift driver. 

The modules are a small compact package due to the use of Integrated circuits 
in both the matrix diode unit and the pulse generating unit. 

The logic circuitry will have almost no loading effect on the command signal 
drive circuitry, due to the low level input required by the module's input multivibrators. 
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SECTION IV 

CONCLUSIONS AND RECOMMENDATIONS 

4.1 CONCLUSIONS 

The conclusions drawn from the data of Sections n and m of this progress 
report can be summarized as follows: 

1. Attainment of the long range peak and average power goals of 10 megawatts 
peak and 20 kw average is feasible using present and near future techniques to be 
developed or studied as oart of this program. 

2. Design to intermediate specifications is not useful in itself.   Final specifica- 
tions will be used as design goals. 

3. The polarizer design of Section  2. 2. 4   with two separate receiver outputs 
is recommended.   Although relatively complex, it offers complete versatility to the 
system and permits the use of the polarizer as a first stage duplexer. 

4. Phaser test sections using low 47rM   have been evaluated to the full power 
capability available with the needs of this program.   Further adjustment of phase shift/ 
unit length is required. 

5. Driver development is under way and present progress indicates availability 
as needed for breadboard testing for 90 degree phase shift elements later in this 
program. 

4.2 RECOMMENDATIONS 

It is recommended that the polarizer of   Section 2. 2.4   be chosen for the final 
design.   This recommendation is based upon the overall flexibility of this design 
coupled with the reduced power handling requirement of any phaser element. 

It is also recommended that further testing at high average and peak powers 
beyond those presently available be carried out to verify the accuracy of predictions 
and to study the problems encountered with long (40 microsecond) pulse operation. 
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SECTION v 

PROGRAM FOR THE REMAINING HALF 

During the remaining half of this program .further studies will be carried out in 
both the system and component areas with emphasis on component development. 

* 

Two developmental models of phaser elements will be fabricated and evaluated 
as individual elements as well as in their relationship to overall system characteristics. 

As a result of this study, Sperry will make a series of recommendations as to 
type and design of the polarizer to be manufactured later, 
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SECTION VI 

ME1TING8 

During the interval covered by this semiannual report, L. J. Lavectan and 
J. Puffy (representing Sperry) visited Mr. P. Romanelli and other personnel at RADC 
to dlpcuss component and system aspects of this polarizer program. 

Sperry's approach to this polarizer program study was thoroughly discussed and 
general agreement was reached. 

Much of the discussion concerned the system aspects of this program wherein 
Sperry was able to more fully determine the system needs, and as a result, the study 
discussed in Section n of this report was carried out. 
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